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3 INTRODUCTION

i 1.1 Summary

This report details results of research performed during the period June

1, 1988 through December 31, 1988 under AFOSR contract no. F49620-86-K-0016.

The project was initiated in June 1986 and covers a duration of forty months.

The general objective of this research is to improve on existing

I theoretical models for predicting the response of inelastic aerospace

structural components subjected to hostile thermal environments with emphasis

on transient temperature conditions, radiation boundary conditions, extremely

3 rapid heating rates, and possible phase change of the materials involved.

1.2 Statement of Work

Experimental and theoretical research are being performed to characterize

the response of structural components subjected to transient temperature

3 conditions resulting in inelastic material behavior. The research is being

performed in the following stages:

I
1) theoretical development of thermodynamic constraints on inelastic materials

I under transient temperature conditions;

2) development of modified heat conduction equations to account for two-way

3 thermomechanical coupling in these inelastic materials;

3 3) experimentation to determine further constraints on inelastic materials

under transient temperature conditions;

I



I

4) development of multi-dimensional theoretical algorithms for predicting

response of the inelastic structural components described above; and

5) experimentation to verify the theoretical algorithms described in item 4).

Items 1) through 4) above are being performed entirely on the main campus at

Texas A&M University. Item 5) will be performed both at the Air Force Wright

IAeronautics Laboratory at Wright Patterson Air Force Base and Texas A&M

Universit-. Details of this interaction will be described further below.

3RESEARCH COMPLETED

32.1 Summary of Completed Research
Research during the period June 1 through December 31, 1988 is summarized

lbelow:

1) additional computational results have been obtained utilizing the one-

3 way coupled model discussed in reference 1;

1 2) two new two-way coupled models are under development at this time;

I 3) the initial plate experiments have been performed at AFWAL and the

I second set of plate experiments is being prepared at this time;

34) the constitutive tests on Hastelloy X are underway; and

2
I
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5) computational facilities have been upgraded to perform the theoretical

analyses.

2.2 Expected Research

The following results are expected between now and Sept. 30, 1989:

I
1) the plate experiments will be completed at AFWAL;I

* 2) the one-way coupled model will be compared to the plate experiments;

* 3) the two-way coupled model will be completed and compared to the plate

experiments; andI
4) the constitutive tests on Hastelloy will be completed.

2.3 Theoretical Developments

A brief description of theoretical progress over the past six months is

given below.I
2.3.1 One-Way Coupled Model

The one-way coupled model has been completed and documented in reference

1 (See Appendix 6.1). Recently this model has been used to predict the

response of a circular plate subjected to the instantaneous heat pulse shown

in Fig. 1. As shown in Fig. 2, the model predicts a dynamic response which is

not unlike resonance. Figure 3 shows the displacement profile during a single

Icycle of response, demonstrating that a permanent out-of-plane

I3
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deformation caused by the thermal field constrains this dynamic response.

Figurjs 4 through 7 show that significant stresses occur which causes

I substantial inelastic strain near the center of the plate.

In our next series of experiments we will be attempting to determine the

veracity of this dynamic response as predicted by the model.

I
2.3.2 Two-way Coupled Models

I We are currently placing the emphasis in model development on the

construction of two-way coupled algorithms for analyzing the plate problem.

The two-way coupled problem is constructed by first postulating

constitutive equations to be equations of state in the strain, ,kl,

temperature, T, temperature gradient, gk, and internal state, u' as followsIk
[21:

I the stress tensor:

I Oi = ij (,kl,T,g k , 2 l ) ()

the internal energy:I
u U(ckT (2)

*the entropy:

I s S(k l JT gk k] )  (3)

I
I
I
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I

* the heat flux vector:

1i qi(klT gk',kl) (4)I
andI

1, i =i(kl, TgkaklQkl) , =1,...,n; p=1 ... ,n (5)

where aT) are a set of n internal states variables. Now define the Helmholtz

free energy

I
h - u-Ts h(cklfgk,ckl) (6)

Therefore,

I ah * h ah ah

ki k h T + gk + -L hkl (7)&Fkl kl 3T ag k k  +aupl

Substituting the above into the first law of thermodynamics and this result

I into the second law of thermodynamics gives

I
I
I
I
I

12
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IT jT 1 0 H (ck T- h

- k,T Tgkkqk1) T

Ih -: k H WI +

I - ~10h (T)Jj(k

- q k 1 ~ kckl)Tg 0 (8)

Using the Colernan-Mizel 131 procedure, it now follows that

ahj klTaw (9)

By a similar argument

-T S=S(Ekl Tl) (0

13



I
Also,

i 3h > C, . j ( t ,T, 9

.ij i j ij k I klli

Note that although the above is similar to the result obtained for elastic

materials, h is no longer a potential for the stress tensor because it is path

dependent due to its dependence on the internal state.

Inequality (8) now reduces to

pT - 0 It . - qigi/T ? 0 (12)

where the first term represents internal dissipation and the last term is heat

conduction dissipation. Note that the internal dissipation cannot be set to

Izero because although the rate of change of the internal state variables may

be specified, the actual internal state at any time cannot be specified.

It can also be shown that 131I
qi = -kij gj + H.O.T. (13)I

Thus, if internal state variable growth laws (5) can be determined the

problem will be completely specified by construction of the Helmholtz free

I energy function (equation (9)). %

Now consider a special case of equation (9) which is found to be suitable

for many materials. Let

I h = h(Ekl,T,El) (14)

I 14
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where l called the inelastic strain tensor, is equivalent to ckl.

i Expanding h in a second order Taylor series in its arguments gives

h ljB'C D+ I F Ih IArBT' ij-C. +ijklijj'kl+ ijiF ijkl Ei kl+

+ 1G H T'+I IIT', KT'2
Sijk kl+ ij ij ijei(

I
1 Substituting the above into (,l1) results in

lC+D i F Cl +Hi T' (16)j = Cij+Dijkl'-kl+Fijkl k ij

The above may be written equivalently

R Dik k ka (T-To)1 (17)i ij = Oi3+ ij1 I'-'l- kl

where o is the residual stress, D ijkliS the linear elastic modulus tensor,

and akl is the thermal expansion coefficient tensor. From (17) it is clear

I that

CI. E .(T-T (18)
1: - 6 13 3 0

E
where cij is the elastic strain tensor, given by

iE 0- 1 R )(9
Iiij ijkl(okl-kl) (19)

I
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I

The above equations will be shown to be suitable for characterizing the

material behavior of elastic-plastic media with internal state variables.

To obtain the coupled heat conduction equation recall the first law:

Ou iij ij - q j,j + pr (20)

ITherefore, due to definition (6) we obtain

p(n+Ts+Ts) =ij ij - j,j + pr (21)

I
From (9) we know that1

Th h ah (22)-- Fij ij + T;T T + -- 1. ( 2
a ij q.T1

Substituting (22) into (21) gives 'i

Ih ) *ij + (2h + s) T +
-(Gij - 3E Tij Ea ~

a+ + h n + pr 0 (23)+ -gii au +  - ij + qj

Utilizing (9) through (11) results in

pTs + + q a i 0 j,j(24)

I
Utilizing (3) and (10) gives

I 16
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I
Ias +as T+ s L (25)

a ij CL iJ

I Substituting (25) into (24) thus gives

i 3 aT n
oT ~ i 30ai Jj

+ j -j r 0 (26)

Utilizing (11) gives

- oT a2 ij - oT @hT PT T a i + P h
PTCT % - aT aanaT 1J a( ij

+ qjj - pr (27)

I so that substitution of (13) into the above will give

I ah *n ah .n ah a2h

o &ij - PT n 32h 6 - pT .a i - oT T
ac ar, I acti @ J a a aT 2

ij i

- (k.j g)i - or = 0 (28)

Note that for an elastic material & . = 0 and the above reduces to the

coupled heat conduction equation for elastic media. Since terms I and 2 could

be large even under non-inertiJ conditions, they should be considered

carefully in inelastic problems.

Finally, substituting (17) into the above gives

I
I 17
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- Dijkl ('kl - kl 0 ak i Toaij- Dijkl cij "kl TT + 0ijkl cij T kl

I + 0 C v T - (k ij gj)i - Pr= 0 (29)

The above equation is the two-way coupled heat conduction equation. Note

that a change in either the state of strain, Ekl' or the internal state,

.1j has an effect on the temperature, T.

I The authors iave previously studied the above equation for a point mass

14 and in one dimension 151. The inclusion of two-way coupling dddS

considerable complexity to the computational algorithm for solving the problem

I in any number of dimensions.

We are currently developing two algorithms to account for this

3 thermomechanical coupling. In the first, we have reduced all of the field

equations, including (29), to two-dimensional axisymmetric form and are

utilizing continuum elements to obtain a solution for both the temperature and

I displacement fields.

In the second method, we are modifying the one-way coupled code

previously developed by the authors [5]. We are using an operator splitting

method previously proposed by Oden [6). In this approach, the problem is

I solved on each time increment by assuming one-way coupling and the coupling

terms are then included in the thermal analysis until iterative convergence is

obtained on each time step. We hope to have one or both of these algorithms

3 operational by June, 1989.

2.3.3 Computational Facilities Development

It was apparent from the inordinate computational times required to

operate the one-way coupled code that it would be necessary to improve our

U 18
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I
computational efficiency in order to develop two-way coupled algorithms 15].

Therefore, the authors have spent the last several months upgrading our

computer capabilities. We have purchased a microVAX to be utilized as a

dedicated machine for use with the algorithms developed as part of the current

contract. This system has now been connected to the campus VAX network, and

initial indications are that the computational times will be decreased

somewhat. However, becausL the improved efficiency has not been as much as we

Ihad hoped for, we have undertaken to streamline the one-way coupled code

somewhat before proceeding to implement the two-way coupling. these

efficiency measures are nearing completion at this time.

3 2.4 Experimental Programs

The experimental program has been divided into two major categories: 1)

constitutive testing of uniaxial specimens under steady state and transient

temperature conditions; and 2) structural testing of plates subjected to rapid

external heating. The experimental efforts are discussed in greater detail in

the following two subsections.

The constitutive tests are used to evaluate the material parameters for

the thermoviscoplastic constitutive models used in the structural analysis

program described in Section 2.2. Currently, these models will utilize

constants obtained from tests conducted at several elevated steady state

temperatures. Material response at intermediate temperatures is then computed

using interpolated values of the parameters. This approach may lead to

I erroneous predictions if the material undergoes a significant phase change

during a temperature transient. To investigate this phenomenon, a set of

I experiments is being developed and performed which will enable us to extend

I 19
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tne current constitutive theories to predict material behavior under transient

temperature conditions.

The structural testing of plates subjected to rapid external heating is

Ibeing performed in order to critically compare the theory developed herein.

Primary emphasis is being placed on prediction of the plate response for both

temperature and displacement fields. In addition, more physical insight to

the problem we are modelling is being obtained.I
2.4.1 Constitutive Testing

Uniaxial Lonstitutive experiments are currently being conducted in a

steady stdte temperature environment in order to verify and supplement the

material parameter data base obtained from 17]. Hastelloy X has been selected

as the candidate material for this research primarily because of the

availability of such information. Therefore, upon completion of these tests,

material constants for lidstelloy X at room temperature, 10000 F, 1200'F,

1600,F, and 1800 F will be used to perform the structural analysis discussed

in the previous sections.

The uniaxial specimens used for testing are standard LCF uniform-gage

test section specimens, machined to ASTM specifications. Typical tests being

I performed include: 1) creep tests; 2) stress relaxation tests; 3) monotonic

constant strain rate tests; 4) fully reversed cyclic tests; and 5) stress drop

tests during monotonic and cyclic loading. All experiments are being

performed at Texas A&M University using an MTS 880 electro-hydraulic testing

machine and clam shell over.

The three zone claiisell oven and closed loop control system allows for

accurate temperature control in the specimen gage sE:tion with nominal spatial

I temperature gradients. Specimen temperature is obtained using three, contact

U 20
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mounted, K-type thermocouples. While intrinsically mounted thermocouples

would allow for more accurate temperature measurement, past experience has

shown that this method of attachment severely degrades the fatigue life of the

I specimen.

Constitutive tests of uniaxial specimens under transient temperature

conditions is also underway, in order to extend the validity of current models

to high thermal rates. Specimens specifically designed for combined

thermomecdnicai lOdd inL dre being evaluated for this phase of testing. The

specimen geometry is that of an LCF efficiency button head specimen, machined

to ASTM specificdtions. Io study the uniformity of the transverse temperature

grddient, specimens have neen fabricated to have either a solid or hollow

core. In order to provide test to test compatibility, hastelloy-X is also

being ised in this phase of testing.

Another difficult aspect of transient temperature testing is minimization

of the longitudinal thermal gradient during a thermal transient. A quad-

elliptical quartz lamp furnace is being used and will hopefully alleviate this

potential problem. Approximately thirty K-type thermocouples are being used

to monitor the temperature fields in the gage section of the specimen.

In order to obtain useful information about the thermomechanical

constitutive behavior of inelastic materials under transient temperature

conditions, it is necessary to impose extremely complex strain histories, in

addition to the thermal histories. The MTS 880 electo-hydraulic testing

machine is being modified to simultaneously measure mechanical and thermal

data and control (in a closed loop fashion) both aspects of the experiment.

Therefore, one of the main goals of the phase of testing is to identify

acceptable experimental techniques for these type of experiments.

1 21
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2.4.2 Plate Testing

Indications from the first set of plate experiments performed at AFWAL

I are that the acquired data are not representative of the actual experimental

output. This is believed to be due to an inordinate amount of electronic

noise which masked the output produced by both the LVDT's and the

tnernmocouples. We hypothesize at this time that this was caused by the

installation of a second laser on the day that the experiments were

pp;formed. Therefore, we are currently planning to rerun the tests in the

near future. At the present time, the technicians onsite are preparing the

experiments and debugging the electronic data acquisition units. The second

set of tests are scheduled to be performed in March.

2.5 Conclusions

There exists a need to develop models capable of predicting the response

I of aerospace structures to complex thermomechanical inputs which produce

significant material inelasticity and resulting two-way thermomechanical

coupling and to verify these models against controlled experiments.

This report documents progress made during the past six months towards

achieving Lhis goal.

I
I
I
I
I
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IABSTRACT
A computational analysis is presented herein for an axisymmetrir plate

subjected to rapid external heating. The analysis is complicated by several

forms of nonlinearity, including radiation boundary conditions, material

viscoplasticity and geometric nonlinearity. The mechanical constitution is

extremely comple,., involving history and rate dependence which causes the

constitutive equations to be mathematically stiff. Results are obtained for

Itwo viscoplasticity models available in the current literature.
IThe solution utilized herein adopts the finite element method in spatial

coordinates and standard finite differencing in time. Iterative techniques

are used to account for nonlinearity. Results are obtained for a circular

plate subjected to a high energy instantaneous heat source applied

axisymmetrically to one side of the plate. Sensitivity studies are conducted

to determine the effects of various heat intensities and plate thicknesses on

temperature, displacements, and stresses. It is found that material

I viscoplasticity and geometric nonlinearity contribute significantly to the

predicted response of the plate.I
INTRODUCTION

UPlates are often subjected to rapid heating capable of producing highly

nonlinear structural response. Examples are structural components subjected

to laser heating, the skins of aerodynamic vehicles in hypersonic flight, and

hot gas turbine engine components. DuA to the elevated temperature

envircnment encountered in these applications it is often necessary to include

Ithermal effects in the strL!ctural analysis.

3 everal ti3 oretical solutions for a heated thin plate have been reported

in the literature. In most cases either classical plate theory 11,21 or large
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I deflection plate theory 13-6) was utilized to obtain linear thermoelastic

solutions. In severe thermal environments, however, the plate response may

become highly nonlinear. Large variations in the temperature field

necessitate inclusion of temperature dependent thermal conductivity.

Furthermore,the nonunifornly distributed thermal strain induces geometric

nonlinearity and localized inelastic stresses. It is thus a formidable task

to extend the previous solutions to account for these nonlinearities.

Recently, attempts have been made to numerically approximate the solution

for a heated elastic plate 17,81 by the boundary element method. Kawakami and

Shiojiro 191 attempted to implement ADINAT/ADINA with the capability of

performing heat transfer analysis and thermoelastic-plastic analysis for

plate/shell elements. In their research, plasticity in the element is assumed

only when the cross section is totally plastic. Therefore, their solution

does nrt apply to a plate subjected to rapid high energy heating on one

surface.

The authors have reported a computdtional analysis for an axisymmetric

viscoplastic plate subjected to rapid external heating 101. To our knowledge

*this is the first plate analysis involving both heat transfer and

viscoplasticity to be reported in the open literature. In this previous

Iresearch it was assumed that the thermal response of the plate was independent
of mechanical deformations. Thus, it was possible to obtain the heat transfer

solution first and supply the results of this analysis to the mechanical

solution. The finite element method was employed for spatial discretization

of both the thermal and mechanical analyses, and finite differencing was used

in time. Newton iteration was used on each time step to account for global

nonlinearity. This nonlinearity was induced in the thermal analysis via

temperature dependence of the thermal conductivity and radiation boundary
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I conditions. In the mechanical analysis nonlinearity was caused by

viscoplastic constitutive behavior, which was predicted with a constitutive

model introduced by Bodner and Partom 1111.

In the current paper the model is extended to include geometric

nonlinearity caused by large rotations. Furthermore, a viscoplasticity model

proposed by Walker (121 is incorporated for comparison to results predicted by

Bodner's model. The nonlinear plate formulation, which was not included in

the authors' previous paper, is discussed in some detail. Finally,

sensitivity studies are conducted using the algorithm to determine the effects

of heating rate and plate thickness on predicted temperature, displacements,

I and stresses.

MODEL DEVELOPMENT

The procedure utilized to solve the current problem is similar to that

used in other simpler mechanical field problems. Therefore, the model is

presented only in abbreviated form in this section. Further details of this

development ran be found in references 1101 and 1131.

A pivotal assumption in the analysis is that the heat transfer does not

depend on the mechanical deformations. It is well-known that in dynamic

problems this coupling may be significant even when the deformations are

elastic [141. In the case of inelastic response such as is considered herein,

this coupling may be even more substantial 1151. However, the inclusion of

this term in the heat transfer analysis adds considerable complexity to the

computational scheme [15]. Therefore, since in the examples considered herein

the external source is several orders of magnitude larger than the internal

I heat generation, the authors have neglected the mechanical coupling in the

heat transfer solution. This issue is planned to be the thrust of future

research by the authors on this subject.
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As shown in Fig. 1, due to the uncoupling assumption the solution

algorithm may be constructed in two stages for each time step. First, the

temperature field is evaludted by using finite elements in spatial coordinates

and the Crank-Nicholson scheme in time. Nonlinearity due to temperature

dependent thermal conductivity and radiation boundary conditions is accounted

for via Newton iteration. The resulting temperature distribution is then

passed to the mechanical problem as input, and the mechanical solution is

obtained by using plate elements in conjunction with the Newmark-Beta method

in time. Nonlinearity caused by inelastic deformations and large rotations is

accounted for by Newton iteration. This procedure is performed recursively to

march forward for the desired time span. The solution scheme is described in

further detail below.I
i Thermal Analysis

An axisymmetric finite element model, developed to include nonlinear

radiation boundary conditions, is used to ccnstruct the temperature field as a

function of r and z for each time step. A typical two-dimensional

axisymmetric mesh for the thermal analysis is shown in Fig. 2.

The governing heat transfer equations are as follows:

Or 1T - -L(k r .11) 1 ~-(k r ZT) =0 i n Q2(1p at ;r ar az az

at a T - 4
-3T n+ k r Tz qr + Eo'(T T4 )  on r (2)

r r nr r- =znz ~ r -

I where T is the temperature, p is the mass density, Cp is the specific heat

capacity, k is the thermal conductivity, and r and z are cylindrical

coordinates, as shown in Fig. 2. Also, q is the heat flux input, a is the

I
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I thermal absorptivity, E is the thermal emissivity, o is Boltzman's constant,

Tr is the reference temperature at which radiation is zero, and nr and nz are

components of a unit outer normal vector. Finally, o is the interior of the

domain and r is the boundary of the domain.

Equations (1) and (2) may be cast into a Galerkin finie element

formulation 1161. Since this part of the model exists in the open literature

1161, it is not covered in detail here.

I The resulting element equations are of the form

cij T. + a ijTj = qi (3)

where

c = f NCNiN rdA e  C4a)
A1I e

IN i r+ (Ib)

Ni  N + aN rk !!!) dAe + Ni(NT)3N rd,
aij ( -Ae(b

Iqi N 4q rd;" + i __T U 1 4  ,,(4c)

e e

Also, Ni are the finite element shape functions, Ae is the area of the

element, and r is the boundary of the element. A linear triangular (threeI e

node) axisymmetric element is used in the analysis. Equation (3) for each

3 element is assembled to give the following global system of ordinary

differential equations:

I
[C] (T} + [A] {T) = (Q} (5)I

The Crank-Nicholson scheme is then applied temporally to obtain the

temperature field with time [171.
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U Structural Analysis

In the structural analysis, Von Karman theory is assumed for the thin

plate bending motion 118), and material nonlinearity and viscoplastic

constitution are included in the model. The material nonlinearity is

introduced via the inelastic strain tensor, Ei , which is described in the

U next section.

The strain components, cij, are defined by

1= o (u0 + u' I + 1  ui,j = 1,2 (6)

ij ij +  'ii 2 i,j ' j,i) ' (u3,iu3,j) +  z -ij

* o3
wnere ci0 are the midsurface strain components, ui are the displacement

components, and ij are the midsurface rotation components. The constitutive

relations are given by

ij= Dijk( ij + ZK. - Cij - Tij)  (7)

where aij is the stress tensor, D ijk is the elastic modulus tensor,

and EiT are the components of the thermal strain tensor. Utilizing the above

* in a standard laminate scheme will result in

I = C A B 3 ( c 0 - #Z - T} (8)

where h

S(A ij,B. D ij) -hf 0ij (,z,z ) dz (9)
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and h is the plate thickness. Note that the coupling matrix [1 does not

disappear due to the through-thickness variation of elastic modulus, Dij,

I which is temperature dependent.

The governing equations for the plate motion are thus derived by

satisfying the conservation of linear and angular momentum 1191:

I h + N - pu = 0 (10)

x,x yx,y 0 ,(tt

N + N -pV =0 (1)
xy,x yy ,tt

ID +R (C o C I T
I j  + 3j ij 3 xx-f

II
2jJ - YY+

21D3; i (Co 0 _ I T
3j3 j B3j ),xy+

p + Nxy + 2N w + N w - p, 0 (1?)I >: xy ,xy y ,yy ,it

Integrating equations (I U) through (12) agdinst variations in the componenls

of the displacement field will result in the following variational principle.I
I 6u (N + N - pu dxdy+A 6u{x'x  yz~y , tt}

f6v {N Xyx+ N - PV t ) dxdy+
A xy~x y',y itt }  xy

I f 6w CID . + Bj - C T T
A lj j 13 3J ,xx+

0 1 T
ID2jKj + B2 j(E1 - Cj - E ) ,yy+
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IJ ([C~~ 0 - -I ) C + P

23 j j 3i i(

N +2N xx x N YYY Pwtt} dxdy = 0 (13)I , l

where Nx, Ny. and N are components of the plate midsurface forces per unit

length, u and v are the in-plane displacement components, w is the out-of-

3 plane displacement component, and p is the out-of-plane traction.

Incrementing the field variables, neglecting the third and higher order

I terms of the displacement increment, and applying finite element

I discretization results in

MIM] u} t+t + JK] {au) = {R) t+' t - {F11 - (F2) (14)

where MI is the mass matrix and

I fKJ = [KNLI + (KLI (15)

Also, ne

[KL] I I [BNiLTRID0t+ [BLI dVe (16)
n=1 V

e

nl
In eINL] L f1 NL1  S NL e (7

n=1 Ve

where [BL] and [BNL are the linear and nonlinear strain deformation mapping

3 matrices, respectively. Also, (R} is the external load vector and

I
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F1  e I TR( It+t I + T +{FI)  f [B (8L  ol -O0 {Ac a

n=1 V
e

[AD] ,o + zK - E - I ) dVe (18)

n

(F2} = eT ! ~

[anD(1-0 + z- T - I }) dV (19)

and ne is the number of nodes per element.

Solving equation (14) by the Newmark integration scheme will give the

m first approximation of (Au) at time t+At. The Newton iteration method will

give convergence to the nonlinear solution [10,201. The authors are currently

m utilizing a three-node plate element with five degrees of freedom per node, as

described in references 1131 and [21]. We have not employe an axisymmetric

m plate element because we prefer to maintain the flexibility to solve

nonaxisymmetric problems.

Thermomechanical Constitutive Models

In order to prescribe the forcing functions [FI) and (F2) defined in

m equations (18) and (19) it is necessary to determine the inelastic strain

increment, LcI This is accomplished by integration of the selected

viscoplastic constitutive model. The authors are currently using Walker's

model [12], as well as the anisotropic hdrdening form of Bodner's model

[22]. These models are compared critically in reference [231.

Bodner's model assumes

1 -I
ij, (20)
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where oij is the deviatoric stress tensor, whereas Walker's model proposes

Cij A(Oij - (2ij) (21)

I where

m i I ( A, ' ci 2ij) (22)

3 and a, is the drag stress, and u2 is the back stress tensor. The above is

supplimented by an additional set of evolution laws of the form

3 .iC j aL, T) (23)

I Equations (20) and (23) are typically numerically stiff, so thatI.

numerical integration to obtain E is not straightforward 1241. Bodner's

I model is currently being integrated using Euler's forward method, whereas

Walker's model is integrated using Euler's backward method 125). Both models

are subincremented within each integration point on each time step in order to

produce accurate values for t,c on each global time increment.

I Example Problems

To demonstrate the use of the algorithm, an isotropic circular plate with

thickness h=0.042 in and radius r=10 in is selected. The material used is

3 B1900+Hf which is a nickel-based superalhoy comonly used in hot gas

turbines. Material constants for Bodner's and Walker's models are shown in

I Tables 1 and 2, respectively. The thermal boundary conditions are of

radiation type with reference temperature TR=O°F on all boundaries including

I the plate edge at r=10 in. An instantaneous heat flux is assumed to be evenly

I 11
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distributed over a spot of radius 0.5 in at the center of the plate. All

components of the displacements and rotations are assumed to be zero at the

I plate edge r=10 in.

The finite element mesh diagrams for the thermal and structural analyses

are shown in Fig. 2. Although a fairly coarse mesh was utilized, more refined

meshes showed that the global thermal and structural responses were not

significantly compromised by using the current mesh. The number of global

degrees of freedom was held to a minimum because the nonlinear examples

presented herein required approximately 15 hours of CPU time on a VAX/8800.

IThis is due to the fact that the global nonlinearity necessitated the use of

3 very small time steps. In the examples shown herein, the maximum allowdble

time step was 0.00001 sec, thus resulting in a total of 1500 time steps.

I Figure 3 shows the predicted transverse deflection at the center of the

plate for a heat flux of 60 Btu/in -sec. Shown in the figure are both the

I geometrically linear and nonlinear results obtained by assuming the plate is

linear elastic. The transverse deflection is significantly decreased by the

inclusion of the nonlinear terms in equation (6), which demonstrates the

3 importance of including geometric nonlinearity in this model. Figure 4 shows

the through-thickness temperature variation at the center of the plate for

3 various times. It is apparent that a rather large temperature gradient occurs

at short times, and this through-thickness variation is the primary source of

bending in the structure. Figure 5 depicts the temperature as a function of

3 time on the plate upper surface both at the center of the plate and at r=0.5

in. From this figure it is apparent that a large in-plate temperature

3 gradientoccurs near the center of the plate at short times. This gradient is

the chief contributor to the extension of the structure.

1
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Figures 6 through 10 are the results for an instantaneous heat flux of 90

Btu/in 2-sec including both geometric nonlinearity and the viscoplasticity

I models. As shown in Fig. 6, when the inelastic material response is included,

the deflection of the center of the plate is reduced by only a small amount.

However, as Fig. 7 shows, the radial stress history near the center of the

plate (r=0.11 in) and on the top surface is significantly reduced by the

accumulated inelastic strain. Thus, material inelasticity significantly

affects the predicted stresses in the analysis. Figure 8 shows the stress

history predicted by Walker's model at various positions on the top surface of

the plate. Note that within the radius of the input heat flux the radial

stress attains a maximum near the ultimate uniaxial strength of the material

and then decreases, due to the large thermal gradient produced through the

thicKness. Figures 9 and 10 show the radial stress and hoop stress

distributions at time t=O.01 sec on the top surface of the plate. Both

U components of stress are significantly reduced near the center of the plate by

the accumulated inelastic strain. Figure 11 shows the in-plane deformation

and Fig. 12 shows the accumulated inelastic strain at time t=0.01 sec. The

3inelastic strain is essentially zero for r>1 in, implying that outside this

range the plate response is elastic. Also, Walker's model tends to accumulate

3more inelastic response than Bodner and Partom's, thus predicting slightly

lower stress.

IFigures 13 through 16 show the results for plates with varying thickness

3 and identical external heating. Figure 13 shows the deflection history at the

center of the plate as a function of plate thickness. The center deflection

3 rate increases significantly with decreasing plate thickness. Figure 14 shows

the radial stress at r=0.11 in on the top surface of the plate for various

plate thicknesses. Although the radial stress peaks earlier with increasing

I 13
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3 plate thickness the value of this maximum does not change dramatically.

Figure 15 shows the accumulated inelastic strain at time t=0.01 sec for

I various plate thicknesses. Figure 16 shows the temperature rise as a function

of time at the center of the plate on the upper surface. It can be seen that

extremely large heat fluxes such as those considered herein will eventually

3cause localized ablation which cannot be handled by the current model.

Figures 17 through 20 show the results for plates with fixed thickness

and various external heating rates. Figure 17 shows that increasing the heat

flux produces modest changes in the center deflection rate. Figure 18 shows

the radial stress history dt r=0.11 in. Although slightly larger compressive

3 peak stress is predicted, the time at which this peak occurs increases

substantially with decreased heating rate. Fig. 19 shows the radial stress

I distribution at time t=0.01 sec for different external heating rates.

Finally, Fig. 20 depicts the temperature rise on the upper surface at the

center of the plate for vdrious heating rates. As expected, the temperature

3 rise increases substantially with heating rate.

I
I
I
I
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I CONCLUSION

In this paper, the author's previous research 1101 has been extended to

I include large deflectior pldte theory and Walker's viscoplasticity model.

Studies have been carried ujt to investigate the structural response of a thin

plate subjected to rapid e.ternal heating. Several conclusions can be made

3from the current results. First, due to the thermally induced large stresses,

the transverse deflection of the thin plate is significantly decreased if

large rotations are consiilered. This indicates the importance of including

nonlinear geometric effec;ts in the current model. Second, the comparison

studies show that while the two viscoplastic constitutive models predict

approximately equivalent effects on the structural response the affects of

viscoplasticity are substantial and therefore cannot be neglected. However,

3Walker's model tends to accumulate larger inelastic strain, which in turn

predicts lower stress in the structural response.

Results indicate that the deflection rates are increased with decreasing

plate thickness. Furthermore, the model accumulates greater inelastic strains

with decreasing thickness. Finally, when the plate thickness is not changed,

the displacement increases with increasing heating rate. In this case, only

slightly greater peak compressive stresses are predicted, but the peak stress

Ioccurs more rapidly with increasing heating rate.
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Table 1. Bodner's Constants for B1900+Hf 1261

i
Temperature-Independent Constants

MI = .270 Mpa-1

M2 = 1.52 Mpa
- I

Ci = 0.0

ZI = 3000 Mpa

Z3 = 1150 Mpa

r = = 2

Do  I x 10
4sec - I

Temperature-Dependent Constants

Temp (C) n Zo(Mpa) Al=A 2 (sec
- ) Z2=Z0 (Mpa)

7601.055 2700 0 2700

1 871 1.03 2400 .0055 2400

9820.850 1900 .02 1900

10930.70 1200 .25 1200

I
I
1

1 8

I11
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Table 2. Walker's Constants for B1900+Hf [261

I Temp (C) D(Mpa)) V K1 (Mpa) (Mpa) r2 (Mpa) 3

21 1.900L5 .322 12.4 1.73EII 2.41E6 4794

427 1.900E5 .328 12.4 1.73EI1 2.41E6 4794

538 1.900E5 .331 12.4 1.73E11 2.41E6 4794

649 1.800E5 .334 12.4 3.862E10 8.27E5 1714

760 1.655E5 .339 13.8 2.55E10 8.27E5 1880

871 1.438E5 .324 16.6 5.50E11 2.36E5 621.1

982 1.249E5 .351 13.8 4.20EI0 9.65E4 400

1C93 1.161E5 .351 9. 5.57E9 2.36E4 278.7

Temp (C) ' 6r19 , 10 I (lp a
21 0 .311 0 11.87 0 4.7E3

427 0 .3117 0 11.87 0 4.7E3

538 0 .3117 0 11.87 0 4.7E3

649 0 .3117 0 16.64 0 4.7E3

760 0 .31]/ C 19.83 2.44E-3 4.7E3

871 0 .3117 8.73E-4 59.33 2.44E-3 9.65E2

982 0 .3117 4.29E-4 136. 2.44E-3 0

1093 0 .3117 4.83E-2 136. 2.44E-3 0

I
I
I
I
I
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LASE A/$TPVC7LRE JNTTLAL'TJD - A rNMWAUsUMOF I114EDRY 10 [XPERIn.N

P.Ko Imorle*

D.K. Allen

H.I. Chan

lexas U0, Univrsity
A ollege Station, lexas 77843

S n p- radtal coordinate direction
A comprehensivye experimental pr'o&am has

been oeeioped tc stuo tne transient resonse of - finite element external force
a viscotlastic plate Sut.ected to rapl "eat components
input. The experiments consisted of Irradiatlng

Sclaimec plate of hastelloy I with a hich energy t time
15 K6: r.,. CG7  laer. with displacement and
temoevat.re serving as measured oata. l - temperatureI eoe;Ict) moel is also being developed for
Comparison tO the experimental results., Ihe 'r - reference temperature at whichmooel assumes oe*-.ay tniermomecnanical coupling; raOiaton is 2er
that li. It is assumeC that the temperature field
is incpenoef. of deformation out not vice u.v., - components of plate displacement
verse. "[he tnermal analysis is nonlinear via
radiation boundary Conditions and temperature V1 - Components of displacement in
dependent tnermal conouctivities. lhe structura Iartesian coordinates
analysis includes geometIric nonlinearity and

t.eral visco lastinclt. lne experimental 2 - axial cooroinate directionproceo ure anC in abbreviated development of the i.j:
jwoe) are cescrioee in this paper. -te~a popily,;

Nomencl ature u! - Orac Stress :-.

area of two-dlmensional finite element back strest tensor
]. -matrix),rl arelat ingoeo olinear components of t),.y - components of plate rotation

Srtl -n OeforM1,1ry yfaOm

( N L -_ mat ri relatinc nonlnear components
of strain and deformation T e  - boundary of a finite element

C p -coefficient of specific heat at € - thermal emissivity
constant pressure

r] . , -e la st ic m od u lu s m atr ix ( Ij - str a in te ns r " q,

f - Components of body force per unit mass ij - plate mid-surface rotations

k thermal conductivity

Mi j - comoonents of finite element mass L j
matrix

r., nz - components of unit outer normal vector cij o inelastic Strain tensor
in cylidricl coordinctes

T
I, . - components of plate miosurface forces € - thermal strain ensor

and mtmen-s per unit lencth
Ki  - finite element shape functions tx,ey - nooal compone-ts of plate rotation

- heat flux input - normality coefficient for inelastic

Strain rate

LeCture, Aerospace Encineerino 0 - mass density
Professor. Aerospace tn;ineerin"
Member AIAA a - boltzman's constant
"esearch £ncineer. Aerostructures. In...
Arlincton. Virginie Ci - Stress tensor

rS.



oeviatoric stries tensor lhe'S~l uv~is

An aXIS .metric finite elent model.
a interior of a omain oevelooed SO include n )inar radiation bounca'y

Condlition., iS USte to conStruct hCti tenperature
lnsroouCtion fleld as a function Of r ar 2 for each time

SteP. A typical two-dimensional xisytrIc
The transient response of an aerospace heat transfer mesh I$ Shown in Fig. 2.

struCture expoaed to rapid heating soy be vastIy 1he governing heat transfer equatlons are as
different fro that prOduced under steady state follows:

Conditios. f Or applications SuCh S gas.turbine 11 ; 0 (1)
Comustorl, ro5 et noZzles, Spce structuresa grd spr - jar !-
the likte. lart temperature Oradlents art

coionl dinduced In a very short period of I ;I
t.lk . however. due to the complex and Severe r r . o;r on Y()
env'rorient, listte experimental date are
available for use in oeveloping new methods of Equations (1) and (2) may be cast into a
analysiS Where Material inelasticity Occurs in GaIerAln finite element formu)atIon%. Since this
the Structure. Inerefore. an experimental part of the mootl elists in the Open
program was established to investi ate tM, lleraturel

. 
it Is not covered In detail here.

response of e Metallic I-late unoerooi)n rapid
heatInC with t emperature ano displace ment as the lhe resulting eleaen. equations are of the
primary variables of Interest. Ine parameters fOrzn
varied ir, the experiment incluoed: 1) plate
thickneSs; 2) heat flux; and 3) duration of heat C alj *A i "i (3)
flu&.

., solut ion aloorittn has peen developed by Where

the authors for predicting the transient response
of plates when Subectee to rapid heat input. I - t 51 5~rdt e  (4a)
Wnile the model itself is not the subject of this,
paper, it iS presented in abbreviated form and IS
used to Coepare theory to experiment. The r a k i )' )1'
solution &I orit makes use of One-way a .r i- rk dA
tnermomchanical Coupling (it iS asSumed that the a
temperature field is inoependent Of deformtion), r
Tl $nerrVvlSCoplaStiC response. ant eometric (4b)
nonllnear ties. The finite element method is

•w t).e, oroces to compute the plate
response, lhe thermal analysis Is perforMe e

firs., taking into account Such tsInm, as N ico•r N C0
nonlinear effects oue radoltion heat exchange and T "e
temerature depenoent material properties, Ine
results are then used as input to the structural A linear trianoular axis.mvetric element is used
analysis Where nonlinear Material response, usin in tht analy'tit. touatior (3) for each element
booner's anC alker's7 Constitutive moodels and Is assemOMed to give the following plosal system
lare rotational plate theory are used to Compute of ordinary differential eouationS:

t plate deformation as well as stress ant straitn.
Both ne experimental ari mosellinc programs are (c) (T) - (A? (T7 - d0) (5)
described in the following Sections. the Cronk-.SicholSon scheme is then applied

Podel Develotment temporally to oD:ajn the temperature field with

The macel is presented in adbre izte for,

In this section. Further details can be found in !Tru:-rcZ Ansltis
references 3 and 4. AS Shown in the flowchart in
Fig. 1. the solution algorithi is Constructed in In the structural analysis. Von Karman
two SstaoeS: the thermal analysis and the theory 7 is assumed for the thin plate bendirit
structural analysis. On a civen time step, the ltion 

,  
anM meteri. nonlinearity and

tnermal loads are evaluated. Then the viscoplaStic ConStitutio; are inCluoec in the
tenerature field is solvec by the finite element moel. lne material ni.-'.'nearitjy I introduced
mthod. PainC this temperature field, along with via the inelastic strain tensor, which is
the inelastic strain increment evaluated from the cescribed in the next section. hi

* previous time step, yields the thermal strain. The strain CoMoonen:; are defined as
Tne thermal strain results in en unbalanced load ofrom which the deformation field is tij - Cjj - ij" (u, i Uj J)
a00.OxImtted. An iterative procedure is utilied
to brinc the solution to Converoence for a piven
time. step. The solution I% described in further *
detail below. - (u 3 1 u.) 2j ij .2

UtiliZing the above In a Standard laminate scheme
will result in

2



h [ c ! . T(7) "e -A yCIP") &UL - itiLIIS Itt L) dY (16)

ere5IE1(t

Also, {1( is the externl loa4 vector and

1401:e that tn* coupling matrix Itj Cots not a

CIs pear Oue to the thrOugh thiCkness varititon lD 2. v) ,(of elaStiC MOOuIus. ,Lj, w"iCh IS temperatu( 1
Cepenoent. 

r'C~ 5tinetr
Coi~olifi I, ((El

Ihe 9overrnln eoUailOns for tne plate iotion n-I V
iae thus oerivec DY "sAtisfying the Conservation Tof linear anc*:guaromnsug, IS): menuIDI (,

o  :Mu- ' b eV e(ir

A~ .y()Sovivng eouat ion (13) by the Newmrk
integrati1on S cheme will give the f irst

[wx , * j~ *ou .$ 0 (10) approximation of Ii lu at t ime 1,Lt. Ifte hewton
J. .. y *kapnson iteration methodwill give convergence to

tn nonlinear olutlon),S.

ShernmomeChniCal Constitutive Kodels

IC 2jE(L D I H. In order to prescribe the forcing functionsJ y (F',) and (F71 caf thee in equations (17) and (16)
-~~i 5 -lt'S necessar'y to pete mine the inelastic strain

21 1,- Go " J) -incrent,n~ ]h) i
"

n s a ccomplished bY. Iteeora in Of the selected vi StopIsSt by

I Constitutive model. "1he authors are currently

2N. .2-w t usinS Walker's *ote], as well as the, y x xy v yy anisotrovic hardening form of bodner'$

e1L es oe Iodels are compared critially in
Kntegrating equations (9) through (33) (a19nnt refere nce .

vm 
.ttons in the comp onents of the displarcement

flelc i result i n the fo n variainve onal bod ner's model assumes

dip cen:, .nr ],iS apyn int nertsu~~Elrs:~~edmtos.bt

N •lu t*C *0 IK t - -u . oy- 3) irde t" produc fig)vlusfo ~o

A Ye .3 1. th mCO5 atirexs walker's oel proposes

1 )In r r to r fy n y ic o ewhere

A , , • (c.r , 12, C u) (21)

r and t e above is supplemented b an aditionel
e " transienset of evoluion 1ws of the form2! .- - -Z( - € - -. ' (22)

k 0 " 2 1  1  ,t dxy 0 (12) buations (19) an (22) are typicallyx xx ,xy 3Yy -.Y numericell.ystiff, $ o that numrice I intearat ion
"I' to obtain . . is not St-~icntforwarel

l . 
booner's

" n:rementinc the field variables. necieztin-, model I . ;ently being ,nteorated usinc Euler's
:the tnire and richer order terms -of Ithe f Or~aro int n ot, neret. k lker' s M'0ae I is

41splacem-nt in-cre ment, and applying finite integrated using Euler's :,.ackward method2
-
!

. 
both

eiement -iscretiztion results in dnels are suDncremente! on each time stF intorder to produce tccur'e values for at ij on
01Jful

t
*4

t 
, IKI(AU) - JR)tI-4 ° iF 1 I F .(2 ) (13) each time increm nt. 1"

• ,-ere IM) is the mass matrix and Exp~erimental Proora~m

JK) - KL]  If: ] (]4) In order to verify analytical models
L currently being constructed, an experimental

nr program, has been developed to investigate the
(eSLT(~'tE transient response of a viscoplastic plate

IK L] IS NL I -LI dv'e  (15) subjected to rabid heat input. Of perticu",ar

Se interest is the measurement of displacement and

3



temperatvre tle 0 for a rectangular VIOL* of the acLcsorn surface wile it was beiing
Spec )men Uv~er9oing rapid heatii%* - he hmtt*G. if 6 act Ion, 'I s trumnts II o r

epertmental Progam I$ dv.~oed into two pnases: meaurin~g temperature arw esolicent fields. as
CP'auctec at letaa ALP university: and 2) a high~ were ussed and wlill or discuss-ef ii. detail below.

enry(u>IK/Ir ) input pha1se being perfo~rwme at
t ie Air Fo1re irsenl Aeonauti111 Laboratories A specimen support fixture was designed to
Siing th~e LW4EL I (Laser-fiaroeld haterials imp1ose Clamp-lian boundary Conditions AoI% each

Evaluation Laboratory) facility. poge Of A reCtandular plate specimen. lI h
superstructure of the fixture .4S 1abriCated from

Lb. (nerd. leStIn- 6061-16 Aluinumfl to Support the Specimen in trie
vertical positiont. As Shown in FbI. 46 ane AL.

In le o. energy. ifehi-ratid heating At Insert made of 31K Stainless Steel serves both
cer ImentS make use of a bank Of cuart2 laudS, AS a supprrt Stiffener amc water )&C~et X total
to irradiate trie plate Specimens. Ine purpose of maSt water Cooling system AS used to proviot a
these experiments is twt fold: first. .tnty Serve un II oro. amd constant Platt Doundary
a S a simulation o f In he , g energy eperiments; temperaturt. lInermocoupieS were attached to each
an hc Second, I tie) Product 'efflnrature a nd half O f the Insert as the m1 o - t I or..-i displacement fields wnicri Chnce &Iat e ~ mc Slower approximnately 0.5 i1n away frow the Specimer,. to
rate. Inerefore. valuab'le' Information with reCorC any temperature variations.
regard to expected experimental results can be
oxi;ned,. n a d1Iion to verifying model She twoin piece (with. the inserts in place)
p e1iCtios under less severe, conditions. Picture frame style fixture securely clamps the] specimen 'n posilio,. using 24 socket head cap

lhe heat, Source for these experimenits ale screwS torodea to 12[) in-los. An Off-set.
tubwler quartZ lap" with tuNotten emitters. A SISailored Sere- Pattern IS used tc ensurea
CIrCuar, heat taroet Zone is obtainee by unitor. claftoinc Zone. In additio,, the fixture

* s Ieing excess energy fromt the SpeCimen via A is iflnee With) hardened dowe.l Pins so that
water cooled orifice plate. wiicii is fitted with -lI 0vint between t he fIXture and specimen

h ariabile size aperture. inS apparatus IS remains Consistent from test to Itst.
a ttaee direCtiy to the Specimen Suppor*, fixtureIt shown is Fit. -.. The Support fixture impose$ The material selected for this research is
Cdam-like boundary Condition- a)Ong each eogn Of fiastello) X. HaStelloy XIS a niCkeI-Chromiue-

& etanoular specimen (details or, the support Iror-Molyooenu. alloy that bossesses a
fire are discussed later in the Pape'). Combination of oxidation resistance anid hics
Insulation Shields entlOse 00th Sioes Of the Strenotr at temperature$ in excess Of Z20C-F. it
Sr,ediher., In Order tU reduce the amount of healt a wSselected for this test prooram primarily for
trantfer due to free convect icr. Its hiah temperature cnaraCterlstICS. but also

because i t is widely used in the research
S' P )oac emen: a rid tempoerature date nrc Commxunity in Con~uncilon with high temperature

ottained uSinC a P ' see lata aCauisition conStitutive mooelinc anc Lest inC.
tytt.e,, wniCh elso se'xet a,, the ouirt, IJffI)
controller. A tincle D,'opera:ec t5'D7, WhiCh Can Ine hattelloy Xmaterial wet optainied in
be PCS-tIonec 4t variou$ racial loCetiOnt., IS Platt forei ir noxminal thicunetset of 1/16 in, 1/3
useC tC mneasure displacements. A coupling tang ir., and ]/4 in. and was usec to fabricate a total
enables duel meaksurement. of displaCtment with the of 12 spec-imenS (6 Of each thickness). She
LVOT and a precision dial indicator, Measturement material we! receivee in an annealed Condftion
of the In-plane temperature field eric transverse specified by ASIK 553C and used without further
temperature CradentS are maen using C-type 30 heat treatment.. #o microoradPhiC Studies were
gage thermocouples intrinsically mounted to the performed to Investigate the variations In draIn
Plate specimr.. Inc specimens for tni.1 Phase Of Structure or size the. existed between the
testing were made of 6063-lf alumsnur. IhIS different plate thicknesses.
material Wet selectee Decawse I: exhibits
inelaStic'e pefdrtiatios it relatively low All specimens were Machined to finished
teisesce a 'S~) eimenrsions of 13 k 13 in. correspohdinic to the

otze neg of sup:port fixture. Inerefore. -al Ing
tet:inc to Oate has not yielded a hips into account it Support fixture clampin; 2ons.,

enough input. energy tc produce & significant the effective plate dimenSIonS were reduced to 10
speCimen temperature rise. In addition. the x )D in. Each Specimen was hand Sanded w~th f320
curert* aperture tySter. has failed to cenerate I crl sane Daxper and OaS, dead blasted to produce
utl defined tarcEt Zone. TnereforE, the orifice a 1ow luster finish. N,. other special surfxc-e

plxte it being refittzed with a lent oyster tha' treatment. Suer, as ano.;,ng, bluein;. Or h
.All se-ye to both condense available heat energy like, was performed to enhance the thermaphySIC41
and focus it oh the target sPcot. Properties of the materio'..

ridS Enerdr lettine An intecrated inS'r-.vmn~atiOn packaot was
us ed to simultaneously measure the dioplaCement

lime high energy, rapid heating experiments and tencierature fields of a plate specimen
maice use of arn electric discharoe 15 KW undergoing laser irradiation. The primary
continuous-ave Carbon dioxide laser oneratint at instrumenta-ion nmcluoec. 2) LVD-s (Linear
a wave lenoth of 10.6 vSr with a flat,-top beam Variable Differential Transformers) for measuring
rofilE, to irradiate tsp Plxte specimens. 'The displacement; 2) thermocouples for measurino
test apparatus was pl-aCed An & nitroCeri flood box temoerxture; 3) a radiant pyrometer for measurin-
during Irradiation in order to prevent oxioxtion surface brightness temperature, AN 4) strain

4 A



99es for masing she PIS it v itirat Ion a 360 0 strsi" gage as uW0 U measure the
b 'oncit A 12 tli.. high seed data system dynamic eaxponne of the Stcecmen resting fromR

(calee he CX) as seeto D-er th anlog thtoe i a :dj; 1h strai 069t wsmouinted

0,f 1.2 enst. XtCon~erted, the data were sto'ed frequencies and hot stralt mSltieC were of
an magnetic tape for suoseowent O..talo, Lo intereSt. the output of the 'strain 4pa" was
engineering units one any Other post- diSplayeo on a vsiorer Strip Chart recorder.
processing. DeSCrie be to. i a biore detifled
OISCUSSiOP On the Ii eentation of tne various A total of 4 I&er/StrUCtUre Interaction
pieces Of Intt~uiient ion. experiencts hai we Dn conducted thus far.

representing APOrOxImattly onet third of thiose
A total of 11 D-OPeralt LV7'i ere used planned under this phase of testinc. All 49 tests

t erie T he out _of-plant oiitotatements resulting utlizie In sa I/It in tnc "Ol speci,.en
from the idler deposiion,. i output$ of tnt will, he&*, flux On exposure timet S('n'inc as input
JVD7'S were scaled via the datO trste., It detect test va'iaoles (a- S nown It r. I t 1f ) a no
dsplacementt$ as small as 0.0001 1ir. at a CiSotaCevm: and telebiratare fitot servinc as51 ub 1 nee ma. I mum frequenry response of I! liz. measured Or Output OUanties beflccr testing,TeLVDItS -ere arranged Ir a SvVlletriC pattern the lose, Dea#. was Chhtacterizee it, terms of tntbroundC tne heat Zonet and were riCidb miounjt to ambount of energy being deliiered Or, target. in

I Si~pOrt SyStew, whICh .&a. POSItIoned directly adition to the beaf wIdth 840 oentilt. tart.
b1 ehibc the sptCImer.. -at SIIEi in lIt.- 6 Sa nc energy was measuree by reflcecting tpt,rOxe~ir.

bt. ddsolior, 2' LV/Ott were used to mOnito' 7% of Tt t0tal baillAbli energy Intt torpedoJ rtlative moviemenl between SInt LI supper,, lysteir calorimeter. Inc tittle profile wt, Detervrined Dy
One plate fixture. Ablationu of Pietuolass saw let a--s ron if. fi.

C. by measuring the plexiolatt burn) vatterns.Ineaturement of tnt in-plane temperature both tne laser target Area andii titan unIfOrfrit , In
field. thrOugr.-tEflCkness temoerasure oradients. the radial direction Car) be founid. For this
and nwr-contact Plate surface temperatttures, were experiment. the laser Contact Spot .41 fount to

made usInC 21 th-type 31, cpt thermocouples. The be ellipsoioal, narinc me)or ant minCr axis
tnermocouples were concentrated I n a I in length eoubl to C.S235 I , anW C.2)6 I r,diameter circle around tnd heat ?on, and were resp~ectively Ithis ISA result of tne be an
ranee In a SywietriC patterlfo lot easurin tne strikIno tnt Specimnh At a (0' inCioerlCe ornole in

Ifrran temeperature field. Ite trouch- oroer to Dp-event energy feedback Ithrough the
1hcineS, teeroreture Gradients were measured laser pattern).

Coordinate location,. ot1one ntefo* iue hog 0SD yia uptO
and bati of tnt Stie,- . 1,ll therrfocoupleS were thet xnterMDCCXulet ano LVIVt's at discrete
I nrittlall , mounted to the SpECien via t locosionzs ouring laser irradiation (w.lt h airid
eldInC opertion .w.th the excetition of 4 witout time averaClliq(. Jrn partiCula-. FiCS. 7

weldoed iunctn fCn, ere Mounted apprOx~me-,E) ther $ n appaente~itIlb os ro
C.050lIO p o t thfaermofoneplt.r badI adw sno. ra. daanensiy ine rindcat tna whr
therooUpleS dn.Cothfrt Surface Of te izadits narmconics, wert presen, In the oat.
plate (the ne&-t Site) were Inconel 600 treated to *tnms resulted in pea, -to-oea, hclt O f 0
Wlthttdne the eXtreefA teviperturet,. whereas the approximiately hdF and L.0074 in for temperature
ThermocoupleS mounted On the baCd Side 0f tne ane displacement, respectively. Future tets~
spcien were insulated UtinC hicS tempterature will incorporate real time Aaabs filtering
Class braid. The thermocouplet werec Connected to and/or post test dioltdl fittering. 'in oroer to
the1 Oita syste., via a SC*F reference over., which resolve ceiS problem. * ioUretS Eand X) present
for this test wet left open to roomv the Sae date as tiSCUSt Ed above. except that
temperature. For thermocouple Input, the date time averaging has been used .Isystemr was sca led to record voltage CrOine, on
the oraer 0f C.0B le, which CorretoonCS to ai NoComment it rmbot about the validity Of the
mecaSu'ee tertZeraturE restlu-uor 0'o;:ounti CotZ. excezt t, hote thei folcouinc. First, tnt.C. nUS, taIint Ir.tdC account the HE,' Ire typudu)l tefmerat.urE Dtfiit Shtiwn _)n FiCi. I nlerror specification anc tne cooye resolution. a E, indicates the thermocouple auc not- retpond
maxiffii temberature uncertainty between £'.3CF curino tne later sho*.. list should not bie
and lE.S!F can bie eept~dted. interpreted At trea~nr,)uDl lad. For-

cintrins Ically liountec tf. rnocouotet.' one wouldA cerindnium radiation pyrometer wa' used to expect. a resonste tIMlbSi the MSE5C tinME friEn.
Obtain reljative masdurements of the plate surface It it presumed that. the .tter firing sesuerCce
briont.neSS temoerature. Iic pyrometer is a hugh Caused e vOllot Shift an.' Saturated the A to U
Speed transducer, having a Peak spectral respionse svsteffe ID.. S econd, I ta-,.)et Zone- temperature of

teeiperature range between 900*F and 540OO.thr far~ belo the1dounD*F temertur etiected.

Pyromete, was aligned to record tempoeratures that indic'etes a drasic displacemient revertal
1) ttin tne laser Irradiated soot dameter in ourine irradittior.. 'That is. the specimenconjun.clion with a thermodoutilt. The Outpujt Of inililly deforms in tne positive direction
the pyrometer was fee into the data syStejr for Itoiwaos the heat source) and teen reverse
use later In developing an aporoprtta tranSte' ittelf. 00inC through a neutral point to assumel a
func~tuOr for the slower reSpOndin: thermlocouples, ntatie ditplacem-r.. Tnc AuthorS are aweitingc

Onotographit Confirmation. Via hig~h Stoedc
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1) we "we rea$o tC suspect that bot" the

Camras. t.o see If ats Phengmtn *Mitagy LytI'S one 1"heCIWieS afrt givng spurious

etiStS. 
results for Short t SPaM , we art Currently

he emary cobective of this first phse Of studyi thi prolem.

Testing ws tL establils a vaselint expe
r

im
n

t
a

l 2) it mooel aSUMeS that the input SOUrCt

proceoure Which wti . verify ana lytiCAl 01 S ccmenteS t"tanta"eoufy. whereas tht laser
Currently Under C.onstruction. 10 this end. that o ut. indicrates an &pprosimttely)1-&ni rise

ojectiv has bee~n mt. Witt the exception Of the time 0
( 

.00.3 set. We Are Moditfying; the model tob

follwi ; probi)e reas hiCh aOt current'y aCCount for this.

pelt; Corrected): 1) energzling and/or firing the

laser aoversely affectec tne measurec data. both 3) Initial indiCations art that the input heat

tltl noise or volta9e shifts; 2) there was no source is not sotafly noodeneouS, thus

e : nct Incit tio. of Wne. the latr po-er was proouClnc a Temperature fiteld WhtC 15 nOt Ai
l -

or. anc off tt target artc; 3) the nitroger f'l1oo symetric.

Doc OIC not provloe ar neft environment ane Maoe

phogograpniC Coou enta:iOtn csffscu)t,; 4) the 4) Current)), wt Can measure Only the A0Jhori

Thermocouple refere't )unCtlor. neeoeC to bt of etee energ) bting oelivere or, target, future

ue oc room te,,perature; 5) A Constant aOerture tests .11) try to *isure t anOent of energy

setting on the video and hih speec cameras made being refleCted by the $PeCimen.

pnOtOcr1fiC lntErOreoitor Ctfficult as the

specimen heatec UP; 6) tn pyrometer Ceti WAS 5) hte very rapid heat input may Cause thermal

inapp-opriate) scaelC; ihc 7) there was apparent lE-es Wnitt art not predicte e b Our parabolic

iovetmen' of tnt LV01 Support Stand during laser nea: enuctlon. Wt art thus considering various

depOstiOn. hyperboll
T 

forms of tnt heat equation.

ooeoersor ef t'DOOe iC ( ey-tmen ,) Ine Coasuter coae currently reouireS one

CPU Da.) or. a VtX 8880 (3 real time days) to

LeIltee resul)- have been obtained wish- the product the flrt 0.0E seC of preclCte

del for CopariOn to Ine euperimental results response. We are attemotnC to Improve ine

riven in te previous section. Experimental Computational efficiency of the moodel so trat

Constants for booner's ode) have beer, ObtaILnt )onoer ter. predictions can be ObtainA.

for haS.telloy 1',d. $ho an if. table 2. lhe model

nas been Uset to predict the response of the

Scuart plate of /IE In thiCkness wlt h sptially Con: lustion

, an, uvloorally COnStant heat 'nu: of 1.2

etutir.' set over a 0.?E in radiut sOot at the It is oBvious that the experimental results

center oa the plate. fredicteC terlerature at are nt in agreement with the moot 1% thit! pDoit

-ne front Center O the picte versu, l i. i$ In time. White the author$ Canot say wlth

S Snon for the first 0.0E sec in Fic. 1', -here 1t Certainty what the CauseI for discrepancy are. i
t

ear. on seer t, t the plate is netted raoi iy tC A I, the Oeneral feelinC here that tnt experieenia;

tem:teraturt O' ttout 3.D0'F. thit netlnc is prooran needs tc PC refIneC Constoerabiy before a

s"- ic en* LO CoSe A cene" ClsjilaCeme t of C'11,Ca,  cOIluarIsor o the model an experiments

. : nioxsratea.Y C.C2 ir, (asout 3t of tne plete 'ill vlC fruitful resultS. We are Currenty

tniceness), at s town Ir, Fir. . e m6k)nC progress In both directiOn.

tispecement fielC in turn produces radial and

hoop stresses near the plate center whion ratidly Acenowleooemnrt

exceed %he material yield point on the front,
ourfacte. as Shown in Fis. 13 anA 4. lete tnit research was sPOnSoreb by the Air Force

Stresses are Inoucec, In laroe measure, by the Office olf Sientific kusearch unoer Contract no.

t ca:e Denin nohIn otcurs near tn center of the F492-46-Lk-03 . the authors would estecltlly

plat AS ShO n ir, Fi. 15. lice to thank Dr. George P. SenOtcky and his

Support teCninilans at AFWAt. "heir Contired

A comOariSOn between FiLs. B And !1. shows efforts brought the eaperimental phase of this

:tat rre predictec ant exDe-irer,tly ODServeC .esea-Cr, to fruition.

tea)ertturet are rc: ir. bgreeler.et. Furtnrt)rt.

Fic,. IS and 12 oemonttrate tnat the AsSPiaCemen'

prediction& are also not in accord 'ith References

ex oeri Aintel ooservations. 1he authors haster tO

pir., Out that Ot, the experient{a and 1. So.ner, FE. and Pa- .Or, ". 'onstttutveI tnet.'etical reSults are first p~sset, and, as -ouvrons for £lat .tisolatli $trair-

SUcr, n atteft.: nas been made to mataee" ca-oeninc ttersalt. - lou-n
1  

C' D:liec

either result to liatcr the Other. Given the MehanniCS. Vol. 42, ht. 2, P. -

ow lex nature Of both the mOde, anc experiment.

the dScordant results are to be expected. Since

there are numerous sources for the Cisagreemen., 2. 6'lker, K.P.. "Representation of HaStelloy-X

our current efitnaStS it on uncovering tne Most behavior at Elevated lererature with a

impiortant sourCes in Such a wty as to enhance the Functional theory of visoOplasticltyn AS..

' if the moOe.. Enc. Pt. _ lec,.. :9S2.

briefly. we Suspect the follcin.g sources of 3. Chant, H.T. and Alten. D.H.. 'A Finite

disanreement between the mooel ant exper)met: Element Analysis of A ViscOplat~ic Plte

1u-:ecte. to kapi heating." to appear In

mecnnics of Structures Ands MaChines an

International Journal, 199E.
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lable 1. Laser Parameters for the Specified lestS

lest Shot Incid:,ent bear hll Snot

lumber Energy (K.W) Area (C 
2
) Fl U. (KW /c 2 ) [Duration (sec)

1 49540 !,4 ".4 1 1.0

3 49546 1-2 3 >

lable 2. booner-Pertom model material Constants for lestelloy X

.1Constant. lemperature

koo lemp 1200*F 16001F
n 1.0 i.0 1.0 0.75

Lo 102: 20-4 10'. 20-'4

-M~~ (:S1) .8 E124-2) 2. "1612 .4 (i.6sr-2)
1-21 7-5)

2 0 - Mpe (rSl) 2200 (1.74-'S) 1.E50 (:.2cSr5) 'D: (E.7i:4)

21 s t (SI 2000 (2.9-.5) 2D (2.915) 230: (.95

2 - p I 12O (1.74E5) Bo (1.16E5) 500 (7.25E4)

A2 - secC
3  

0 .5E-7 6.5E-7
r. C.98 0.98 C.98 0.98
C2 .96 0.9E 0.98 0.98

E l4Pe (F.!!) 2.07E6(.027 1.61[6 (-2.3Z5E7) 1.37E6 (1.987E7)

7k
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a) Support Stru turf Sioc Vio ) Support Structurt Front Vi-

Fic. ZPlae Secimen Support Fixture

a ) LVD- Support Stand l op View b) LVD7 Support Stand -Sloe View

PFic. 5 LVDT, Support Stand Posizioned behind the Specimen

a) before Ablation b) After Ablation

Fic. o plex clzss SancIes Used to M~easure the Laser Bear.
With ant~ Density
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